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Abstract
Introduction Elevated interleukin (IL)-6 occurs in patients
with active rheumatoid arthritis (RA),whichhasbeen shown to
lead to a decrease in cytochrome P450 (CYP) enzyme activity
and alterations in drug concentrations metabolized by CYP.
IL-6 signaling blockade by IL-6 receptor (IL-6R) antagonists
may reverse this effect of IL-6 and restore CYP activity. This
study evaluated the pharmacokinetic profile of simvastatin (a
CYP3A4 substrate) before and 1 week after a single dose of
sarilumab (a humanmonoclonal antibody [mAb] blocking the
IL-6Ra) in patients with RA, to assess potential interaction.
Methods Nineteen patients with active RA received oral sim-
vastatin 40 mg 1 day before and 7 days after subcutaneous
injectionof sarilumab200 mg.Thepharmacokinetic parameters
of simvastatin and its primary metabolite, b-hydroxy-simvas-
tatin acid, were calculated using noncompartmental analysis.
Results Compared with simvastatin alone, single-dose
simvastatin administration 7 days after single-dose sar-
ilumab administration in patients with RA resulted in
reduced simvastatin and b-hydroxy-simvastatin acid
exposure in plasma. Mean effect ratios (90 % confidence
interval) for simvastatin peak plasma concentration (Cmax)
and area under the concentration–time curve extrapolated
to infinity (AUC?) were 54.1 % (42.2–69.4 %) and
54.7 % (47.2–63.3 %), respectively. No changes occurred
in time to Cmax or half-life for either simvastatin or b-
hydroxy-simvastatin acid after sarilumab administration.
Conclusions Sarilumab treatment resulted in a reduction in
exposure of simvastatin, consistent with reversal of IL-6-
mediated CYP3A4 suppression in patients with active RA,
as was reported for tocilizumab with simvastatin and for
sirukumab with midazolam.
Clinical trial registration number NCT02017639.
Key Points
Interleukin (IL)-6 levels are elevated in
inflammatory conditions, including rheumatoid
arthritis (RA), leading to reduced cytochrome P450
(CYP) 3A4 activity and higher CYP3A4 substrate
concentrations.
Sarilumab, a human monoclonal antibody blocking
the IL-6 receptor-a (IL-6Ra), restores CYP3A4
activity, which results in decreased exposure of the
sensitive CYP3A4 substrate simvastatin and its
active metabolite b-hydroxy-simvastatin acid in
patients with active RA.
These findings are consistent with those reported for
the IL-6R antagonists tocilizumab and sirukumab.
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Interleukin (IL)-6 is a key cytokine involved in the
pathogenesis of inflammation and joint damage occurring
in rheumatoid arthritis (RA) [1–3]. Patients with RA
exhibit elevated levels of IL-6 in synovial joints and the
systemic circulation. Mean baseline plasma IL-6 levels in
patients with RA have been measured at 50–80 pg/mL
compared with 5 pg/mL in healthy individuals [4]. The
consequences of the pleiotropic effects of elevated IL-6
include B cell maturation, T-cell proliferation and differ-
entiation, direct stimulation of C-reactive protein (CRP)
from hepatocytes, and monocyte recruitment, implicating
IL-6 in the shift from acute to chronic inflammation [2]. In
addition to modulating inflammation, IL-6 levels have also
been shown to modify the expression and activities of
specific cytochrome P450 (CYP) enzymes, both in vitro
and in vivo [5–8]. IL-6 was found to suppress activities of
CYP enzymes in vitro, such as CYP3A, CYP2C19, and
CYP1A2, by pan-suppression of messenger RNA (mRNA)
of CYP enzymes [9–11].
CYP enzymes are critical proteins that metabolize
endogenous and exogenous chemicals [12]. Elevated levels
of IL-6, such as those seen in patients with RA, have been
shown to modulate CYP enzyme activity in vitro and
in vivo. In particular, such elevation has been shown to
decrease CYP3A4 activity. Consequently, reduced
CYP3A4 enzyme activity is expected to increase the
exposure of concomitantly administered drugs that are
substrates of CYP3A4 enzymes, resulting in a disease–drug
interaction [9, 13]. In patients with RA, elevated levels of
IL-6 led to higher concentrations of both simvastatin and
its primary active metabolite b-hydroxy-simvastatin acid
[6], both of which undergo extensive metabolism by
CYP3A4, with high liver extraction and short half-life
(tz), and are therefore good indicators of CYP3A4 activity
[14]. In addition, simvastatin has a low oral bioavailability,
with extensive first-pass metabolism.
The effects of IL-6 in mediating both acute and chronic
damage in RA make it an attractive target for therapeutic
strategies [15]. Approaches that diminish inflammation via
reduced IL-6 signaling may thus restore CYP3A4 activity
in patients with RA toward that observed in healthy indi-
viduals, thereby decreasing CYP3A4 substrate concentra-
tions in plasma. Tocilizumab is a humanized, monoclonal,
IL-6 receptor-a (IL-6Ra) antagonist that inhibits binding of
IL-6 to membrane-expressed IL-6R and soluble IL-6R
(sIL-6R) [6]. Decreased IL-6 activity due to tocilizumab
restores CYP3A4 activity and thus reduces CYP3A4 sub-
strate concentrations. Indeed, in vivo, tocilizumab signifi-
cantly reduced peak plasma concentration (Cmax) and area
under the plasma concentration–time curve extrapolated to
infinity (AUC?) for both simvastatin and b-hydroxy-sim-
vastatin acid, indicating that inhibition of IL-6 signaling
increases apparent oral clearance (CL/F) of drugs metab-
olized by CYP3A4, potentially altering their therapeutic
efficacy in patients with RA [6]. Sirukumab is an anti-IL-6
antibody that has also been shown to alter the pharma-
cokinetics of CYP substrates. In particular, sirukumab
reverses the IL-6-mediated suppression of CYP3A4 activ-
ity in patients with RA [7]. Thus, the reduction of IL-6
signaling by an IL-6R antagonist, rather than the drug
concentration itself, is the driving factor in this CYP sub-
strate disease–drug interaction.
The investigational drug sarilumab is a human mono-
clonal antibody (mAb) that blocks IL-6 from binding to
both membrane-bound and soluble IL-6Ra [16]. Sarilumab
improved signs and symptoms of RA, including inhibition
of IL-6 signaling and reduction of CRP concentration by
more than 90 % relative to baseline, over 12 weeks in
patients with moderate-to-severe RA, with a safety profile
similar to other IL-6 inhibitors [16]. The objective of this
study was to evaluate the effect of a single subcutaneous
(SC) injection of sarilumab 200 mg on the pharmacoki-
netics of simvastatin, a sensitive CYP3A4 substrate used as




This was an open-label, single-sequence, nonrandomized,
phase I study in patients with active RA (ClinicalTrials.gov
identifier NCT02017639). The study was conducted at five
sites in three countries: US, Moldova, and South Korea.
Patients received a single oral dose of simvastatin 40 mg
(two 20-mg tablets) 1 day before and 7 days after SC
injection of sarilumab 200 mg.
Study duration included up to 28 days for screening
before initial dosing, and the treatment period extending
for up to 20 days, which comprised the first simvastatin
dose and pharmacokinetic assessment (period 1), followed
by period 2 with sarilumab administration on day 1, the
second simvastatin dose and pharmacokinetic assessment
on day 8, and end of treatment on day 15 (Fig. 1). Twenty-
four-hour blood sampling was used to evaluate the phar-
macokinetic profile of simvastatin on day 1 of period 1 and
day 8 of period 2.
The study was conducted in compliance with Institu-
tional Review Board regulations, International Conference
on Harmonisation Good Clinical Practice guidelines, and
the Declaration of Helsinki. After completion of this study,
patients were given the option to participate in an ongoing
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open-label extension study of sarilumab in patients with
RA (ClinicalTrials.gov identifier NCT01146652).
The sample size calculation indicated that 14 patients
were adequate to estimate the effect of sarilumab on the
pharmacokinetics of simvastatin and its active metabolite
with 90 % confidence intervals (CIs) based onwithin-patient
standard deviation (SDwithin) for log-transformed AUC from
time zero to the last quantifiable concentration (AUClast) and
AUC?, assuming the true SDwithin was 0.325.
2.2 Patient Inclusion and Exclusion Criteria
Patients aged 18–75 years with a body weight between 40
and 110 kg (female) or 50 and 120 kg (male) were inclu-
ded in the study. The potential effect of inhibition of IL-6
by sarilumab on CYP3A4 activity, as measured by sim-
vastatin exposure in plasma, was to be evaluated in patients
with active RA with elevated IL-6 levels. As such, patients
fulfilling the American College of Rheumatology (ACR)
revised criteria for the diagnosis of moderate-to-severe RA
[17] with C3 months’ disease duration and ACR class I–III
functional status despite stable background methotrexate,
10–25 mg/week for at least 12 consecutive weeks before
inclusion, were enrolled in the study. Moderate-to-severe
RA was defined as C4 of 68 tender joints, C4 of 66
swollen joints, and CRP C6 mg/L. Concomitant medica-
tions affecting the activity of CYP were not allowed.
Patients were excluded if they had prior or current
uncontrolled concomitant diseases, significant extra-artic-
ular manifestations of RA, other inflammatory diseases,
current/recurrent infections, or were receiving prednisone
(or equivalent)[10 mg/day.
2.3 Safety and Tolerability
Safety assessments included incidence of treatment-emer-
gent adverse events (TEAEs), serious treatment-emergent
AEs (SAEs), and laboratory tests. TEAEs, SAEs, and AEs
of special interest were reported by investigators, and
laboratory parameters were measured. Adverse events were
described at the Medical Dictionary for Regulatory
Activities (MedDRA; version 17.1) preferred-term level,
whereas AEs of special interest were identified using pre-
specified search criteria. Antidrug antibody (ADA) posi-
tivity at two or more consecutive samplings during the
TEAE period was classified as persistent; the number of
patients experiencing TEAEs was summarized by treat-
ment (simvastatin alone, sarilumab alone, and simvastatin
after sarilumab administration).
Individual laboratory data (biochemistry and hematol-
ogy) were noted when outside of laboratory reference
ranges or when exceeding the cut-off value defined for
each potentially clinically significant abnormality criterion.
2.4 Sample Collection and Analysis
Blood samples for measurement of concentrations of sim-
vastatin and its metabolite b-hydroxy-simvastatin acid in
plasma were collected at baseline and at 0.5, 1, 1.5, 2, 4, 6,
8, 10, 12, and 24 h post-dose on day 1 (period 1) and day 8
(period 2). Blood samples were collected in sodium heparin
tubes and immediately centrifuged at 4 C. Plasma samples
were then frozen at -70 C and stored at approximately -
60 to -80 C before analysis. Concentrations of simvas-
tatin and b-hydroxy-simvastatin acid in plasma were
determined using a validated liquid chromatography–tan-
dem mass spectrometry method with a lower limit of
quantification (LLOQ) of 0.05 and 0.1 ng/mL, respectively
(Covance Bioanalytical Services, Indianapolis, IN, USA).
All simvastatin and b-hydroxy-simvastatin acid concen-
trations measured with this assay were used for the phar-
macokinetic analysis; however, simvastatin and b-
hydroxy-simvastatin acid concentrations in pharmacoki-
netic samples from two patients that were analyzed using
an earlier assay were not reported because of bioanalytical
stability issues. For a calibration curve to have been con-
sidered acceptable, a minimum of six calibration levels and
75 % of all calibration standards must have fallen
within ±15.0 % (±20.0 % at the LLOQ) of nominal.
Concentrations of functional sarilumab were analyzed
using a validated enzyme-linked immunosorbent assay
(ELISA) method with an LLOQ of 312.5 ng/mL at pre-
dose day 1 (period 2) and days 7, 9, and 15 (period 2).















Fig. 1 Study design. PD
pharmacodynamics, PK
pharmacokinetics, PO oral, SC
subcutaneous
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sarilumab antibodies in serum. Anti-sarilumab antibody
levels in serum were listed as negative (below the detection
limit) or positive with titer by patient and visit. The number
(%) of patients with ADA positive or negative response
was summarized by scheduled visit. Sampling times for
total sIL-6R, IL-6, and CRP in serum included day 1 in
period 1, and day 8 and day 15 (window between days 15
and 18, at the end of treatment) of period 2. Concentrations
of total sIL-6R and IL-6 in serum were measured using
validated quantitative sandwich ELISA methods; CRP was
measured by a validated immunonephelometry assay (Co-
vance Bioanalytical Services).
2.5 Pharmacokinetic Analysis
Simvastatin and b-hydroxy-simvastatin acid concentrations
in plasma, obtained as real-time values after single-dose
administration, were used to calculate the following phar-
macokinetic parameters using noncompartmental analysis
with validated software (WinNonlin software [Pharma-
cokinetic Data Management Services, version 2.1, incor-
porating WinNonlin Professional, version 5.2.1, Pharsight
Corporation, Mountain View, CA, USA]): Cmax, time to
Cmax (tmax), AUClast, AUC?, and tz. The Cmax and tmax
values of simvastatin and b-hydroxy-simvastatin acid were
obtained directly from experimental observations, whereas
the remaining pharmacokinetic parameters were calculated
as described. Any AUC? values with[30 % of area
extrapolation were not reported.
2.6 Statistical Analysis
Statistical analyses were performed using Pharmacokinetic
Data Management Services, version 2.1, with WinNonlin
Professional, version 5.2.1 (Pharsight Corporation) and
SAS (SAS/UNIX version 9.4, SAS Institute, Cary, NC,
USA). Simvastatin and b-hydroxy-simvastatin acid plasma
concentrations and pharmacokinetic parameters were
summarized using descriptive statistics for each treatment.
The effect of a single SC dose of sarilumab on single-dose
simvastatin and b-hydroxy-simvastatin acid pharmacoki-
netic parameters was analyzed using a linear mixed-effects
model on log-transformed Cmax, AUClast, and AUC? of
simvastatin and b-hydroxy-simvastatin acid to obtain esti-
mates and 90 % CIs for the ratio of geometric means of
simvastatin and b-hydroxy-simvastatin acid after sarilumab
administration versus simvastatin alone.
Pharmacodynamic variables consisted of total sIL-6R,
IL-6, and CRP. Summary statistics of the raw data and
percentage change from baseline for each pharmacody-




A total of 19 patients were enrolled in, and completed, the
study. At baseline, mean patient age (±SD) was
52.8 ± 11.4 years (range 27–71) and mean body weight
was 71.5 ± 18.0 kg (range 48.0–108.5) (Table 1). The
majority of patients were female (79 %) and Caucasian
(63 %). All patients had active moderate-to-severe disease
activity per study inclusion criteria, and mean tender and
swollen joint counts (±SD) were 29.4 ± 15.3 and
16.2 ± 8.8, respectively. Mean duration of RA at baseline
(±SD) was 8.6 ± 6.1 years. Most patients (89 %) received
concomitant methotrexate (10–25 mg/week) and folic acid.
3.2 Pharmacokinetics
Administration of a single oral dose of simvastatin 40 mg
to patients with RA 1 week after a single SC dose of sar-
ilumab 200 mg resulted in reducing simvastatin exposure
in plasma by 45 % and b-hydroxy-simvastatin acid expo-
sure in plasma by 36 %, compared with administration of
simvastatin 40 mg alone (Table 2; Fig. 2). Mean effect
ratios (90 % CI) for simvastatin Cmax, AUClast, and AUC?
were 54.1 % (42.2–69.4 %), 54.0 % (46.5–62.8 %), and
54.7 % (47.2–63.3 %), respectively. Corresponding ratios
for b-hydroxy-simvastatin acid were 64.1 %
(55.5–74.1 %), 62.8 % (53.6–73.7 %), and 64.1 %
(54.1–75.8 %), respectively. Because of sample stability
issues during the bioanalysis, pharmacokinetic parameters
could not be calculated for two patients.
Concentrations of sarilumab in serum after a single
200-mg dose were comparable with historical data in
patients with RA [18].
3.3 Pharmacodynamics
After sarilumab administration, mean total sIL-6R levels in
serum increased as expected, from 52.5 ng/mL at baseline
(day 1) to 209.6 ng/mL on day 8. Total sIL-6R reached
286.4 ng/mL approximately 2 weeks (day 15) after sarilumab
administration (Fig. 3a). Mean IL-6 levels in serum increased
from 47.5 pg/mL at baseline to 219.9 pg/mL on day 8, and
then decreased to 138.5 pg/mL on day 15 (Fig. 3b).
CRP in serum levels (mean ± standard error [SE];
median) were elevated at baseline (22.1 ± 5.60 mg/L;
14.5 mg/L), consistent with active RA (Fig. 3c), decreased
after sarilumab administration on day 8 (1.9 ± 0.2 mg/L;
2.0 mg/L), and remained low on day 15 (5.9 ± 1.5 mg/L;
2.2 mg/L). This pharmacodynamic profile indicated IL-6
inhibition by sarilumab [19].
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3.4 Safety
The safety population included all 19 enrolled and treated
patients (Electronic Supplementary Table 1). There were
no SAEs, deaths, or AEs leading to permanent treatment
discontinuation. Two patients experienced TEAEs after
administration of simvastatin alone (period 1), seven
patients experienced TEAEs after administration of sar-
ilumab alone (period 2), and four patients experienced
TEAEs after administration of sarilumab and simvastatin
(period 2). Most TEAEs were mild or moderate in
intensity.
The most frequently reported TEAE was neutropenia,
which was reported in four patients after sarilumab
administration, and in one patient after sarilumab and
simvastatin administration. Grade 3 neutropenia (0.5–1
Giga/L) was observed in three patients. Decreases in neu-
trophil counts after treatment with sarilumab were not
associated with any sequelae, including infection, although
patient numbers were small.
One patient with an observed increase in alanine
aminotransferase (ALT)[3 9 the upper limit of normal
(onset 6 days after the second administration of simvas-
tatin; period 2) did not show significant changes in aspar-
tate aminotransferase, total bilirubin, or alkaline
phosphatase. The patient spontaneously recovered from the
event and remained asymptomatic, with no trigger factors
noted.
All 19 patients were ADA-negative at baseline, and one
patient had a positive result for ADA during the TEAE
period.
4 Discussion
In patients with RA, elevated levels of IL-6 reduce
CYP3A4 enzyme activity [7], and treatment with a single
dose of the IL-6Ra antagonist sarilumab led to restoration
of CYP3A4 enzyme activity to non-disease levels, as
measured by decreases in simvastatin and its primary
active metabolite b-hydroxy-simvastatin acid concentra-
tions, presumably due to the reduction in IL-6 signaling by
sarilumab. After oral administration, simvastatin undergoes
extensive first-pass metabolism and is readily hydrolyzed
by esterases into b-hydroxy-simvastatin acid, the pharma-
cologically active metabolite. Both simvastatin and its
active metabolite b-hydroxy-simvastatin acid are CYP3A4
substrates yielding inactive metabolites; simvastatin is
therefore used as a probe to measure CYP3A4 enzyme
activity in drug–drug interaction studies with assessment of
both simvastatin and b-hydroxy-simvastatin acid concen-
trations in plasma. The conversion of b-hydroxy-simvas-
tatin acid is also, to a lesser extent, CYP2C8-mediated
[20]. In the present study, a single SC dose of sarilumab
200 mg decreased the Cmax of simvastatin by 46 %, and
that of b-hydroxy-simvastatin acid by 35 %. The AUC? of
simvastatin was decreased by 45 %, and that of b-hydroxy-
simvastatin acid exposure was decreased by 36 %. Sar-
ilumab did not affect the tmax or tz of simvastatin and b-
hydroxy-simvastatin acid. The tz of simvastatin did not
appear to change after sarilumab administration, suggesting
an increase of the first-pass metabolism of simvastatin and
less alteration of the elimination. Additionally, as sar-
ilumab had a similar effect on both simvastatin and b-
hydroxy-simvastatin acid, the effect of sarilumab on
Table 1 Patient demographics and disease characteristics
Parameter Patients
(N = 19)
Age, years [mean (SD)] 52.8 (11.4)
Weight, kg [mean (SD)] 71.5 (18.0)
Height, cm [mean (SD)] 162.2 (6.4)








Smoking history [n (%)]
Yes 3 (16)
No 16 (84)
Alcohol use [n (%)]
Yes 3 (16)
No 16 (84)
Rheumatoid factor [n (%)]
Positive 12 (63)
Negative 7 (37)
Duration of RA since diagnosis, years [mean
(SD)]
8.6 (6.1)
Number of prior DMARDs [mean (SD)] 1.0 (0.4)
Tender joint count, 0–68 [mean (SD)] 29.4 (15.3)
Swollen joint count, 0–66 [mean (SD)] 16.2 (8.8)
Patient global VAS, 0–100 [mean (SD)]a 67.7 (20.5)
Physician global VAS, 0–100 [mean (SD)]a 62.9 (17.6)
Pain VAS, 0–100 [mean (SD)]a 69.6 (19.1)
CRP, mg/L [mean (SD)] 22.1 (24.4)
HAQ-DI [mean (SD)]a 1.4 (0.6)
BMI body mass index, CRP C-reactive protein, DMARD disease-
modifying antirheumatic drug, HAQ-DI Health Assessment Ques-
tionnaire Disability Index, RA rheumatoid arthritis, SD standard
deviation, VAS visual analog scale
a N = 18
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simvastatin exposure is consistent with reduced IL-6 sig-
naling by sarilumab and subsequent restoration of the
reduced CYP3A4 enzyme activity in patients with RA [14].
A similar effect in patients with RA was also described
after a single dose of the IL-6R antagonists tocilizumab,
with both simvastatin and b-hydroxy-simvastatin acid as
CYP3A4 substrates, and sirukumab, using midazolam as a
CYP3A4 substrate [6, 7]. This effect has been related to
their IL-6 inhibitory effect and subsequent restoration of
decreased CYP3A4 activity in this patient population. It is
important to note that in a study of sirukumab that inves-
tigated a cocktail of CYP substrates composed of mida-
zolam (CYP3A4), omeprazole (CYP2C19), S-warfarin
(CYP2C9), and caffeine (CYP1A2) in patients with active
RA, a nonequivalent decrease in AUC was observed for
midazolam (30–35 %), omeprazole (37–45 %), and
S-warfarin (18–19 %), while an increase in AUC was
observed for caffeine (20–34 %). These results suggest that
sirukumab may reverse IL-6-mediated suppression of
CYP3A4, CYP2C9, and CYP2C19 enzyme activity in
patients with active RA treated with sirukumab [7]. As the
same effect was observed with the IL-6 inhibitor sarilumab
on a CYP3A4 substrate, it is likely that sarilumab would
show similar suppression of CYP2C9 and CYP2C19
enzyme activity as that observed with sirukumab.
Statins are one of the most commonly prescribed agents
for the treatment of hyperlipidemia because of their effi-
cacy in reducing low-density lipoprotein (LDL) cholesterol
levels [21]. This LDL-lowering effect is the primary
treatment for patients with multiple risk factors or estab-
lished coronary heart disease [22]. Of the statins on the










































































Fig. 2 Mean [?SD] a simvastatin and b b-hydroxy-simvastatin acid
plasma concentration–time profiles after administration of simvastatin
40 mg 1 day before and 7 days after subcutaneous injection of
sarilumab 200 mg (N = 19). Pharmacokinetic parameters for two
patients were not calculated because of sample stability issues during
bioanalysis. SD standard deviation
Table 2 Meana (±SD) pharmacokinetic parameters for simvastatin and b-hydroxy-simvastatin acid, with treatment ratio estimates and asso-
ciated 90 % CIs
Parameter Simvastatin b-Hydroxy-simvastatin acid
Simvastatin
alone [n = 17]
Simvastatin after




alone [n = 17]
Simvastatin after





21.3 (12.8) 11.0 (5.8) 0.541 (0.422–0.694) 4.2 (3.4) 3.0 (2.8) 0.641 (0.555–0.741)
tmax, h
b 2.0 (1.0–4.0) 2.0 (0.5–4.0) 4.0 (2.0–6.0) 4.0 (4.0–6.0)
AUClast,
ngh/mL
82.7 (52.8) 46.6 (32.7) 0.540 (0.465–0.628) 29.6 (22.9) 20.5 (18.3) 0.628 (0.536–0.737)
AUC?,
ngh/mL
84.3 (53.6) 47.9 (33.4) 0.547 (0.472–0.633) 31.5 (23.3) 22.2 (19.0) 0.641 (0.541–0.758)
tz, h 3.7 (1.2) 3.8 (1.4) 3.8 (1.2) 3.5 (1.3)
AUC? area under the plasma concentration–time curve extrapolated to infinity, AUClast AUC from time zero to last quantifiable concentration,
CI confidence interval, Cmax peak plasma concentration, tz terminal half-life associated with the terminal slope, tmax time to simvastatin Cmax,
SD standard deviation
a Arithmetic mean provided for pharmacokinetic parameters. Point estimate ratio represented as ratio of geometric means
b Median (minimum–maximum)
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most sensitive to changes in CYP3A4 enzyme activity [20].
A meta-analysis in patients with hyperlipidemia reported a
reduction in LDL (treated placebo) of 1.08 mmol/L (23 %)
to 2.01 mmol/L (42 %) over a simvastatin daily dose
ranging from 5 to 80 mg, and of 1.78 mmol/L (37 %) to
2.01 mmol/L (42 %) over a simvastatin dose ranging from
40 to 80 mg [23, 24]. The simvastatin label reports an
LDL-lowering effect of 41–47 % over a simvastatin daily
dose ranging from 40 to 80 mg [25]. Hence, the decrease in
simvastatin exposure (46 %) observed with sarilumab in
this study, based on the exposure (dose)-response rela-
tionships for the LDL-lowering effect of simvastatin,
would translate into a 5–6 % difference in LDL-lowering
effect, e.g. LDL-lowering effect of simvastatin would
change from 42 to 47 % (without sarilumab) to 37 to 41 %
(with sarilumab). Therefore, the disease–drug interaction
of sarilumab on simvastatin and its active metabolite b-
hydroxy-simvastatin acid is believed to have limited clin-
ical relevance. However, for other statins with a narrow
therapeutic index, the modulation of IL-6 effect on CYP
enzymes may be clinically relevant, and individual dose
adjustment may be recommended.
The levels of CRP in serum are indicative of systemic
inflammation and have been found to be elevated in many
patients with RA [26, 27]. Although normal CRP values
vary among different laboratories, healthy individuals have
low values of CRP in serum (median B1 mg/L). The
patients with active RA in this study had a median baseline
CRP value of 14.5 mg/L, suggesting the presence of sig-
nificant systemic inflammation. Approximately 1 week
after a single dose of sarilumab, median CRP decreased
more than sevenfold to 2.0 mg/L, and remained low even
at follow-up 2 weeks after sarilumab treatment (2.2 mg/L).
These CRP values, measured after a single dose of sar-
ilumab during the assessment of simvastatin exposure, are
indicative of the anticipated inhibitory effect on IL-6 sig-
naling and support this single-dose disease–drug interac-
tion study design, previously used for similar drug
interaction assessments with the IL-6 inhibitors tocilizu-
mab and sirukumab [6, 7].
Both total sIL-6R and IL-6 in serum increased after
administration of sarilumab over baseline. Transient
increases in IL-6 have also been observed with another IL-
6Ra blocker, tocilizumab [6, 28]. Increased totals of IL-6R
and IL-6 are related to reduced receptor-mediated clear-
ance of IL-6 in the presence of an IL-6Ra inhibitor, such as
sarilumab or tocilizumab. When the IL-6 clearance rate is
reduced, total sIL-6R and IL-6 concentrations rise until a
steady state is reached, where the endogenous production
rate of IL-6 matches the degradation rate [28]. In this study,
the decrease in CRP suggests that IL-6 signaling was
effectively inhibited with sarilumab; therefore, the IL-6-












































Fig. 3 Pharmacodynamic response data corresponding to baseline,
1 week after sarilumab administration alone (day 8), and approxi-
mately 2 weeks after sarilumab administration and 1 week after
simvastatin administration (day 15) for a sIL-6R, b IL-6, and c CRP.
N = 19, N = 17, and N = 19 for baseline, sarilumab, and sarilumab
plus simvastatin, respectively. Data are expressed as mean ± SEM.
CRP C-reactive protein, IL-6 interleukin 6, SEM standard error of the
mean, sIL-6R soluble IL-6 receptor
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mediated effects would be diminished. Thus, the pharma-
codynamic profile of sarilumab was consistent with effects
of IL-6 inhibition observed in previous studies of this drug
[6, 7].
A limitation of this study, as with other in vivo drug–
drug interaction studies with IL-6 inhibitors, is that IL-6
signaling and CYP3A4 activity were both indirectly mea-
sured through surrogate markers (i.e. CRP and simvastatin,
respectively). The results of this disease–drug interaction
study of sarilumab were consistent with those of other
monoclonal antibodies against IL-6/IL-6R, i.e. tocilizumab
and sirukumab [6, 7], suggesting that IL-6-mediated sup-
pression of CYP3A4 may last as long as IL-6 signaling is
inhibited by IL-6R blockade.
No serious AEs were reported in the present study, and,
in general, AE occurrence was limited and consistent with
the anticipated effects of IL-6Ra inhibition and the known
safety profile of sarilumab.
Overall, the findings in this study are consistent with the
hypothesis that IL-6Ra blockade with sarilumab decreases
IL-6 signaling in patients with RA, leading to restoration of
CYP3A4 enzyme activity. The modulation of IL-6 effect
on CYP enzymes by sarilumab may be clinically relevant
for CYP substrates with a narrow therapeutic index, where
the dose is individually adjusted. Upon initiation or dis-
continuation of sarilumab in patients being treated with
CYP substrate medicinal products, therapeutic monitoring
of effect or drug concentration should be performed, and
the individual dose of the medicinal product may need to
be adjusted, as needed. Caution should be exercised when
sarilumab is coadministered with CYP3A4 substrates (e.g.
oral contraceptives or statins) as there may be a reduction
in exposure, which may reduce the activity of these
CYP3A4 substrates.
5 Conclusion
Administration of a single SC dose of sarilumab 200 mg
with a single oral dose of simvastatin 40 mg to patients
with moderate-to-severe RA resulted in reduced exposure
to simvastatin and its metabolite b-hydroxy-simvastatin
acid compared with simvastatin alone. Because sarilumab
inhibits IL-6 signaling, care should be taken with con-
comitant use of other drugs that are metabolized by
CYP3A4 enzymes.
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